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We investigate a geometrically symmetric gold-silicon sphere heterodimer and reveal its extrin-
sic chiroptical response caused by the interaction with a substrate. The chiroptical response is
obtained for oblique incidence owing to the coalescence of extrinsic chirality, heterogeneity and sub-
strate induced break of symmetry. To quantify the chiral response we utilize k-space polarimetry.
We elucidate the physics of the involved phenomena by considering scattering properties of the
heterodimer in free space and find that incident linearly polarized light is scattered in a spin-split
fashion. We corroborate our finding with a coupled dipole model and find that the spin-split behav-
ior originates from the heterogeneity of the structure. This spin-split scattering, combined with the
substrate-induced break of symmetry, leads to an extrinsic chiroptical response. Our work sheds
new light on the potential and optical properties of heterogeneous nanostructures and paves the way
for designing spectrally tunable polarization controlled heterogeneous optical elements.
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INTRODUCTION
Chirality refers to the geometry of objects lacking in
mirror-symmetry [1, 2]. A chiral object can exist in two
forms of opposite handedness, called enantiomers. Enan-
tiomers can be distinguished optically, for instance, via
their interaction with circularly polarized light (CP) [3].
Artificial chiral nanostructures are typically made of
metallic wires following a helical path in space [4]. These
structures exhibit a stronger chiroptical response than
that of chiral molecules, owing to larger induced elec-
tric and magnetic dipole moments [5, 6]. Chiral struc-
tures can also be realized by arranging achiral building
blocks such as disks and spheres to form chiral composi-
tions [5, 7–9].
An alternative route for obtaining a chiroptical response
of achiral structures is based on forming chiral arrange-
ments between the incoming k-vector and the illumi-
nated structure [10, 11]. Intuitively, a 2D-symmetric
split-ring resonator (SRR), side-lifted out of plane, has
structural overlap with one loop of a helix [12–15]. This
so-called pseudo-chirality or extrinsic chirality is an in-
herently tunable effect in which the chiroptical response
usually scales with the angle of incidence. Extrinsic chi-
rality allows for control over the polarization properties of
the transmitted light [13] and optical activity of reflected
waves [16, 17]. Spectrally-tunable enhanced extrinsic chi-
rality was realized in flat metasurfaces, owing to the in-
teraction of delocalized lattice surface modes with indi-
vidual resonances, leading to strong narrowband circular
dichroism (CD) spectra [18] and spatially coherent circu-
larly polarized fluorescence [19].
The material composition of chiral nanostructures intro-
duces an additional degree of freedom in tailoring the op-
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tical properties [20–22]. However, only recently the effect
of heteromaterial selection was isolated [23] by showing
differential absorption of a geometrically achiral nanos-
tructure - a planar nanotrimer of three equally shaped
nanodisks or spheres composed of different materials and
assembled using a custom pick-and-place approach [23–
25]. The chiroptical response of heterogeneous achiral
nanostructures accentuates the capabilities of heteroge-
neous nanoscopic systems in chiral light-matter interac-
tions. Particularly, a previous report [23] suggests that
heterogeneous morphology may lead to a chiroptical re-
sponse in nanostructures possessing even simpler geome-
tries.
Here we theoretically and numerically [26] investigate the
heterogeneity induced extrinsic chirality in a symmet-
ric gold-silicon sphere heterodimer on a substrate. Sub-
wavelength Si nanoparticles exhibit rich resonance spec-
tra, consisting of the fundamental magnetic dipole reso-
nance [27–29] followed by the spectrally overlapping elec-
tric dipole and magnetic quadrupole resonances [30]. The
response of Au nanoparticles is dominated by the electric
dipole resonance of plasmonic nature [31]. In the case of
the heterodimer, strong resonance hybridization [32–36]
is obtained if the incident polarization is aligned with the
dimer axis (TE). For the case of the excitation field per-
pendicular to the dimer axis (TM), the scattering spec-
trum is dominated by the Si nanoparticle response [36].
Extrinsic chiral response is obtained for oblique inci-
dence normal to the heterodimer axis. For symmetry rea-
sons, no chiral response is expected for a homogeneous
dimer [36, 37] under oblique incidence, for a heteroge-
neous dimer under normal incidence, or in absence of a
substrate. Hence, it is the coalescence of extrinsic chi-
rality of the dimer-on-substrate and the heteromaterial
morphology of the structure that imparts the chiroptical
response.
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2To quantify CD and circular birefringence (CB) [38–
40] we adapt the Mu¨ller matrix formalism [41] and k-
space polarimetry [42, 43]. We extend this formalism
to account for oblique incidence and extrinsically chiral
structures. Additionally, motivated by the demonstra-
tion of spin-polarized emission of fluorescent molecules
and quantum dots coupled to extrinsically chiral nanos-
tructures [15, 19, 44], we study the interaction of the
heterodimer [36] with linearly polarized light (LP). We
find that a spin-split behavior in scattering [45] of LP is
present in free space. Hence, spin-polarized scattering is
a consequence of the heterogeneity of the structure alone
and not of its extrinsic chirality.
To further support these findings, we apply a coupled
dipole model (CDM) for heterodimers [37, 46, 47] to
quantify the dipole moments excited in each particle [23].
The CDM reveals that heterogeneity results in excita-
tion of transversely spinning [48–52] electric and mag-
netic dipoles, along with a dipolar mode that resembles
the emission of an SRR [34, 53–55]. Both transversely
spinning dipole and SRR modes emit spin-polarized light
and the interplay of their relative strength and helicity
leads to wavelength dependent spin-polarized scattering.
The CDM combined with the substrate induced break of
symmetry indicates that spin-polarized scattering is the
origin of the extrinsic chirality.
RESULTS
Scattering cross-sections
For the numerical [26] demonstration of heterogene-
ity induced extrinsic chirality we choose a gold-silicon
heterodimer consisting of spherical particles with radii
r = 90 nm and distance D = 182 nm between their cen-
ters, distributed along the y-axis and positioned on a
glass substrate of refractive index n = 1.5 (Fig. 1a).
Fig. 1b shows the numerically retrieved scattering effi-
ciencies (Qsca) [27] for individual Si and Au nanoparti-
cles positioned on a glass substrate, excited with linearly
polarized light (TE\TM with respect to the xz-plane of
incidence) under oblique incidence at θ = 30◦. Scattering
efficiency is a dimensionless parameter measuring the to-
tal scattered power, normalized with respect to the inci-
dent intensity and the geometric cross section of the scat-
terer. For the individual Au and Si nanospheres notable
differences in Qsca are observed between both excitation
schemes due to the presence of a substrate [56–61] , which
breaks the symmetry between TE\TM excitations under
oblique incidence. For the case of the heterodimer, the
heterogeneity breaks the mirror symmetry of the nanos-
tructure, i.e. xz is not a plane of mirror symmetry of the
heterodimer. Combination of the heteromaterial-induced
break of symmetry together with the geometrical break
of symmetry by oblique incidence in the presence of a
substrate results in different scattering, absorption and
extinction efficiencies for incident right- and left-hand cir-
cular polarization (RCP\LCP) (Fig. 1c). Fig. 1d shows
the resulting non-zero differential values ∆Qsca, ∆Qabs
and ∆Qext for the scheme indicated in Fig. 1a. Here,
∆Qα = [Qα]RCP − [Qα]LCP are the scattering, absorp-
tion and extinction efficiencies, respectively, whereby the
subscript of the square brackets indicates the incident
polarization.
Figure 1. (a) Excitation scheme for the heterodimer on a
glass substrate under oblique incidence (θ = 30◦). (b) Scat-
tering efficiency spectra for individual Au and Si nanoparticles
(θ = 30◦). Electric and magnetic dipolar (ED\MD) and mag-
netic quadrupolar (MQ) resonances are indicated for Au and
Si nanoparticles. (c) Scattering efficiency spectra for the het-
erodimer in (a). (d) Differential scattering, absorption and
extinction efficiency spectra for the heterodimer in (a). (e)
Corresponding curves showing circular dichroism (CD), circu-
lar birefringence (CB) and (f) linear dichroism (LD) and lin-
ear birefringence (LB) for the heterodimer in (a). The insets
indicate the excitation scheme. The shaded area in (b)-(d)
shows the spectral region with a strong quadrupolar contri-
bution.
Mu¨ller matrix analysis
For a detailed investigation of the polarimetric proper-
ties of the heterodimer-on-substrate under oblique inci-
dence, we perform a Mu¨ller matrix analysis in transmis-
sion, capable of separating the contributions of CD and
CB from linear dichroism (LD) and linear birefringence
(LB). To this end, the nanostructure is obliquely illu-
minated (θ = 30◦) by a weakly focused Gaussian beam
with effective numerical aperture NA = 0.4 and vari-
ous incident polarization states Sin, where S denotes
the Stokes vector. Transmission into the substrate is col-
lected in the far-field and recorded polarization resolved,
from which the Stokes parameters are then derived and
3integrated for NA ≤ 0.4. This method is formally simi-
lar to k-space polarimetry [42, 43], however the integra-
tion of Stokes parameters is done with respect to the
refracted central wavevector for obliquely incident light
and the adapted NA in transmission. The refraction and
scaling of the NA results in the asymmetric integration
area in the far-field plane shown in the right column of
Fig. 2. The Mu¨ller matrix Mnum of the heterodimer-on-
substrate under oblique incidence (θ = 30◦) is obtained
from the angularly integrated output Stokes vectors Sout
by inverting the identity Sout =MnumSin for a set of in-
cident polarizations Sin [41]. We utilize six input polar-
izations: RCP, LCP, TE, TM, diagonal and antidiagonal
polarizations with respect to the TE\TM basis. Next,
we normalize the Mu¨ller matrix Mnum by its upper-left
elementM =Mnum/mnum00 and apply Cloude’s sum de-
composition [62] to obtain a non-depolarizing estimate
Mnd of M . The depolarization arises due to a finite in-
tegration region NA ≤ 0.4 shown in Fig. 2. Finally, we
calculate CD = 0.5[mnd03 + m
nd
30 ], CB = 0.5[m
nd
12 −mnd21 ],
LD = −0.5[mnd01 +mnd10 ] and LB = 0.5[mnd32 −mnd23 ], where
mndij is element of M
nd. For clarity, we restrict our-
selves to the wavelength range 600 nm ≤ λ ≤ 800 nm
around the magnetic dipole resonance of the Si nanopar-
ticle and an angle of incidence of θ = 30◦. Fig. 1e shows
that the nanodimer exhibits CD and CB, almost perfectly
matching the Born-Kuhn dispersion [63]. In addition we
present the significance of LD and LB in Fig. 1f , origi-
nating from the anisotropy of the structure. It is worth
noting here that LD and LB are the only non-zero com-
ponents for normally incident illumination (not shown
here).
Angularly resolved differential extinction
The symmetry properties of the heterodimer-on-
substrate can be illustrated by plotting differential ex-
tinction (DE) of RCP\LCP in an angularly resolved fash-
ion, defined as
DE(kx, ky) =
1
2
[S0 + S3]RCP − 1
2
[S0 − S3]LCP , (1)
where the Stokes parameters Si(kx, ky) are measured
in the far-field as a function of k-space coordinates
and the subscript indicates the incident polarization.
The first and second term of the right-hand side of
Eq. 1 are the projections of the output Stokes vector on
RCP\LCP [64], respectively. Fig. 2 shows the angularly
resolved far-field DE data for normal (left column) and
oblique (θ = 30◦, right column) incidence at three differ-
ent wavelengths, normalized to its maximum value, re-
spectively. It should be noted that only within NA ≤ 0.4
Eq. 1 represents differential extinction, while outside of
this angular range it represents the differential scattering.
The left column of Fig. 2 clearly shows that the symme-
try of the system with respect to ±ky (top to bottom)
is broken for normal incidence due to the heterogene-
ity. However, the symmetry with respect to ±kx is pre-
served, owing to the yz-plane of mirror symmetry, result-
ing in DE(kx, ky) = −DE(−kx, ky) at θ = 0◦. Oblique
Figure 2. Far-field distribution of differential extinction (DE)
(Eq. 1) for circularly polarized excitation at selected wave-
lengths. (a),(c),(e) DE under normal incidence (θ = 0◦) for
the heterodimer on a glass substrate at λ = 620, 680, 800 nm,
respectively. The integration area NA ≤ 0.4 is indicated.
(b),(d),(f) DE under oblique incidence at θ = 30◦ and for
the same wavelengths. The integration area NA ≤ 0.4 for
Mu¨ller matrix analysis is squeezed and shifted to account for
the refracted central wavevector. Each plot is normalized to
its maximal value.
incidence breaks the latter symmetry, resulting in non-
zero DE within the marked area of NA ≤ 0.4. Fig. 2d
and Fig. 2f show negative and positive DE(kx, ky) within
NA ≤ 0.4 for λ = 680 nm and λ = 800 nm, correspond-
ing to the minimal and maximal value of the CD curve in
Fig. 1e, respectively. Nevertheless, the integrated value
of DE(kx, ky) may be zero under oblique incidence, as it
is the case for λ = 620 nm (Fig. 2b). Please note that also
the CD is zero at this wavelength as shown in Fig. 1e.
Spin-polarized scattering
The odd symmetry of DE(kx, ky) with respect to kx in
the left column of Fig. 2 suggests that the heterodimer ex-
hibits spin-polarized scattering for normally incident LP,
an effect that is also responsible for the spin-polarized
emission of extrinsically chiral structures in the presence
of fluorescent molecules or quantum dots [15, 19, 44].
To quantify the spin-polarized scattering of normally in-
cident LP we define the dissymmetry factors ∆TE and
∆TM as ∆α = [S˜3(kx > 0) − S˜3(kx < 0)]α, where
4S˜3(kx ≶ 0) is the integrated forward (z ≥ 0) scattered
far-field S3 parameter in units of scattering efficiency.
Fig. 3a shows that the heterodimer excited with linearly
TE\TM polarized light at normal incidence scatters in
a pronounced spin-split manner. Fig. 3c and 3d ex-
emplarily show the distributions of scattered S3(kx, ky)
for TE excitation at λ = 640 nm and λ = 720 nm, nor-
malized to the maximal value of scattered intensity S0.
Fig. 3b. shows the decomposition of the scattering effi-
ciency into different polarization components, QTE(tot),
QTE→LP and QTE→CP , for normally incident TE polar-
ization, i.e., integrated S0,
√
S21 + S
2
2 and |S3| in units
of scattering efficiency. Interestingly, ∆TE and ∆TM are
of the same order of magnitude and of opposite sign,
which has two important consequences. First, the het-
erodimer is not optimized to achieve maximal chiral re-
sponse, with its parameters studied here, hence having
a potential for improvement. Second, since RCP\LCP
are the superpositions of TE\TM with ±pi2 phase differ-
ence and ∆TE ≈ −∆TM , the scattered light for inci-
dent RCP\LCP will show a strong contribution of lin-
ear polarization. Indeed, in Fig. 3e we plot the de-
composition of the scattering efficiency into different po-
larization components for normally incident RCP light,
QRCP (tot), QRCP→LP and QRCP→CP , revealing that for
most wavelengths in the investigated spectral range the
scattered LP prevails. This is a consequence of the strong
anisotropy and the resulting LD and LB spectra shown
in Fig. 1f . Notably, the S˜3 for incident LP in free space is
zero if the incident polarization is aligned with the sym-
metry axes of the heterodimer, i.e. TE\TM. This means
that the overall chirality flux (CF) [65] generated by the
structure in forward direction is zero. In the presence of a
substrate this phenomenon is only to be observed for nor-
mal incidence. For obliquely incident TE\TM polarized
light S˜3 is not zero. This also explains the different ex-
tinction spectra for the incident RCP\LCP components
presented in Fig. 1c and 1d. Fig. 3f shows the generated
CF, i.e. S˜3 in units of scattering efficiency, for θ = 30
◦.
Owing to the difference in the generated CF for TE\TM
incident light, it is clear that only the complete Mu¨ller
matrix analysis presented earlier is capable of separating
the contributions of CD and CB from LD and LB.
Dipolar modes of the heterodimer
There is a striking difference between the observed
spin-polarized scattering in Fig. 3c and 3d of the het-
erodimer and the one from extrinsically chiral nanos-
tructures [15, 19, 44]. While the heterodimer is not ex-
trinsically chiral in free space, it still scatters light in
spin-split manner. Hence, the exclusive reason for the
spin-polarized scattering is the heterogeneity. The effect
can be understood from symmetry considerations [23]
based on a coupled dipole model [37, 46]. Consider
TE polarized light incident along the z-direction, ex-
citing the dipolar response in each particle of the het-
erodimer in free space (no substrate). For individual par-
ticles, neglecting the mutually induced dipoles, the elec-
tric dipole moments pAuy , p
Si
y and the magnetic dipole
moment mSix are exited. The magnetic dipole moment
mSix in the Si nanoparticle excites a phase-delayed longi-
tudinal dipole pAuz in the Au nanoparticle, which in turn
induces a phase-delayed longitudinal dipole moment pSiz
in Si [66]. Hence,incident TE light excites transversely
spinning dipoles in both, the Au and the Si nanopar-
ticle. The spinning plane of such a dipole splits the
space in two halves, and a transversely spinning dipole
emits light of opposite helicity in each of those half
spaces [48, 50]. This effect is also known as the giant spin
Hall effect of light [48]. Excitation of transversely spin-
ning dipoles in symmetric nanoparticles requires com-
plex beams [48, 49, 52, 67] or a substrate and obliquely
incident CP [50]. In the case presented here, the trans-
versely spinning dipoles are excited for a plane-wave ex-
citation linearly polarized along the axis of symmetry of
the heterodimer [66]. Moreover, a combination of mx and
the dephased pz in each particle also scatters light in a
spin-polarized fashion. This combination (mx, pz) with a
phase delay of φ = ±pi2 is equivalent to the fundamental
mode of an SRR [34, 53–55] located in the yz-plane (cf.
Fig. 1a) with arms pointing along the y-axis. This un-
balanced interplay between transversely spinning dipoles
and SRR modes in the Au and Si nanoparticles of differ-
ent strength and helicity leads to wavelength dependent
spin-split scattering (Fig. 3c and 3d). Same arguments
apply for incident TM polarized light with the roles of
electric and magnetic field interchanged.
Coupled dipole model
To quantify the spin-polarized scattering in free space
we use a coupled dipole model. We calculate the ex-
cited electric and magnetic dipolar moments in the indi-
vidual particles under linearly polarized TE illumination
and plot the relative phase and eccentricity of the overall
transversely spinning dipole and SRR modes defined as:
εe =
2
pi
atan
{∣∣∣∣pSiz + pAuzpSiy + pAuy
∣∣∣∣} , (2a)
εm =
2
pi
atan
{∣∣∣∣c pSiz + pAuzmSix +mAux
∣∣∣∣} , (2b)
φe = Arg
{
pSiz + p
Au
z
pSiy + p
Au
y
}
, (2c)
φm = Arg
{
− p
Si
z + p
Au
z
mSix +m
Au
x
}
. (2d)
Here εm, εe, are the eccentricities of the total transversely
spinning dipole and the SRR modes, φm, φe are thier
phases and c is the speed of light in vacuum. The induced
magnetic dipole moment in the gold nanoparticle mAux
must be included in the model, since
∣∣∣mAux /cpAuy ∣∣∣ ∼ 10−1
in the investigated spectral range. Fig. 3g and 3h show
the results of Eq. 2a - 2d obtained by the CDM [37, 46]
and from the exact multipole expansion (EME) [68] of
the displacement currents in each nanoparticle. The
5Figure 3. (a) Dissymmetry factors of scattered circularly
polarized component under normally incident TE\TM po-
larized light. (b) Decomposition of scattering efficiency for
TE polarized light normally incident on the heterodimer into
different polarization components. (c),(d) Far-field spin-
split scattering for normally incident TE polarized light at
λ = 640, 720 nm, respectively. (e) Decomposition of scatter-
ing efficiency for normally incident RCP into different polar-
ization components. (f) Chirality flux (CF) in forward direc-
tion for obliquely incident TE\TM polarized light at θ = 30◦.
(g) Eccentricity of the total transversely spinning dipole, εe,
and split-ring-resonator, εm, modes calculated using coupled
dipole model (CDM) and exact multipole expansion (EME)
for the heterodimer in free space and their corresponding
phases φe and φm. (h) The regions with positive (blue), nega-
tive (red) and opposite (green) helicities are highlighted. The
insets indicate the excitation scheme.
discrepancies between CDM and EME originate from
the quadrupolar modes excited in the Si nanoparticle at
shorter wavelengths. This spectral range is shaded in
Fig. 1b - 1d. Both transversely spinning dipole and SRR
modes are excited and show non-zero eccentricity in the
whole spectral range (Fig. 3g). For the relative phases
φm, φe, Fig. 3h shows three distinct regions, colorized
blue, green and red, respectively, and summarized in Ta-
ble I. In each of the regions I and III the total transversely
spinning dipole and SRR modes have the same positive
or negative helicity, σe,m ≡ sign {sin(−φe,m)}, respec-
tively. Their spin-split scattering increases the absolute
value of the dissymmetry factor ∆TE . In region II, the
transversely spinning dipole and SRR modes have oppo-
site helicity and their interference decreases the absolute
value of ∆TE . These features are consistent with the dis-
symmetry factor ∆TE for the heterodimer-on-substrate
in Fig. 3a, showing positive (negative) values in region
I (III). The corresponding results for the incident TM
polarized light may be obtained via duality transforma-
tion [69] and the effect of a substrate can be accounted for
in CDM by following the derivations in references [37, 46]
with Green’s tensor for stratified media [70].
A dipolar scatterer positioned at a sub-wavelength dis-
tance above an interface (substrate) emits mostly into the
medium with higher optical density [56–58, 69] (Fig. 1a,
z > 0). Consequently, for oblique incidence on a het-
erodimer positioned on a substrate, CP of a preferred
helicity will couple more efficiently in forward direction.
This explains the non-zero generation of CF (Fig. 3f)
and, eventually, the extrinsic chirality of the heterodimer-
on-substrate arrangement. Hence, the CDM, combined
with the substrate induced break of symmetry, reveals
the relation between spin-polarized scattering and the
origin of the presented extrinsic chiroptical response.
Region Mode Helicity Wavelelgnths
I σe, σm > 0 570 ≤ λ < 640
II σe > 0, σm < 0 640 ≤ λ < 710
III σe, σm < 0 710 ≤ λ ≤ 800
Table I. Summary of the regions highlighted in Fig. 3h. In
region I and III the transversely spinning dipole and SRR
modes have same helicity. In region II they have opposite
helicity.
CONCLUSION
In conclusion, we have investigated a geometrically
symmetric heterogeneous sphere dimer on a substrate.
This structure exhibits extrinsic chirality only in the pres-
ence of a substrate, owing to the heterogeneous mor-
phology. We characterized the transmission properties
of the structure by extended k-space polarimetry, to ac-
count for oblique incidence. The Mu¨ller matrix analysis
reveals the chiroptical response of the heterodimer-on-
substrate with respect to circular dichroism and circular
birefringence and much stronger linear dichroism and lin-
ear birefringence. This strong inherent anisotropy of the
structure leads to a pronounced conversion of the inci-
dent circularly polarized light to scattered linearly po-
larized light. A coupled dipole model analysis of spin-
polarized scattering of incident linearly polarized light
reveals the transversely spinning dipole and SRR dipolar
modes excited in the heterodimer in free space. The un-
balanced spectral interplay of these modes together with
the substrate induced break of symmetry elucidate the
6physical origins of extrinsic chirality of the heterodimer-
on-substrate. Our results provide new insights into the
interaction of light with heterogeneous nanostructures
and spin-polarized scattering, emphasizing the capabil-
ities and potential of heterogeneous nanoparticle sys-
tems tailored at the nanoscale. In addition, our findings
may constitute a novel route towards the realization of
material-tailored polarization selective metasurfaces.
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